Treatments of wastewaters containing various organic compounds in small concentrations are causing serious problems elsewhere in the world, therefore, the development of efficient process for treating wastewaters has been desired. In this study a novel Ni-supported carbon catalyst that we developed was used for gasifying the organic compounds dissolving in an industrial wastewater under hydrothermal conditions. The organic compounds were almost completely gasified above 275°C under the conditions examined. Main gaseous products were CH 4 , H 2 , and CO 2 , having the lower heating value of around 20 MJ/m 3 , indicating that the product gas can be used as fuel gas. The product gas composition was highly dependent on pressure: H 2 and CO 2 were dominant components under 5 MPa, and CH 4 and CO 2 were dominant ones under 20 MPa when the wastewater was gasified at 300°C. Equilibrium calculation for the reactions clarified that these results reflected the state of water, vapor or liquid, in the reactor. A simple calculation for mass and energy balance of the proposed process showed that 46% of the lower heating value of the organic compound (aqueous isopropyl alcohol solution of 3.33 wt% in concentration) can be recovered as fuel gas under the conditions of T g = 350°C, P = 20 MPa even when this process is operated as a stand-alone one. This result shows that the proposed process can be not only a wastewater treatment process but an energy production process if certain conditions were met.
Introduction
Treatments of wastewaters containing various organic compounds in small concentrations are rather difficult and are causing serious problems elsewhere in the world. Activated sludge method, which utilizes biological reaction, has been widely used for treating wastewaters containing organic compounds. This method, however, not only needs a large land due to the slow reaction rate but produces sludge, another waste, which necessitates additional treatment. Another conventional method mainly applied to the treatment of industrial wastewaters is incineration. It needs a fairly large amount of fuel such as heavy oil when treating non-self-combustible wastewater. The use of fuel means consumption of energy for the treatment. It is, therefore, desired to develop new technologies to treat the wastewaters more efficiently.
One of the problems associated with the wastewater treatment is the small concentration of target compound, which means, in other words, that a large amount of water must be managed. To overcome the problem, gasification of organic compounds under hydrothermal and/or supercritical water conditions is believed to be a promising technology because it can treat a large amount of water without phase change. Yu et al. (1993) have reported that glucose was gasified at 600°C and 34.5 MPa to produce H 2 , CH 4 , CO 2 , and CO without catalysts. Xu and Antal (1998) gasified a cornstarch using an activated carbon catalyst to produce H 2 , CH 4 , and CO 2 at 650°C and 22 MPa. Schmieder et al. (2000) succeeded in gasifying several organic compounds including biomass at 600°C and 25 MPa using KOH and K 2 CO 3 as catalysts. The experimental conditions employed by these researchers were rather severe. Elliott et al. (1993 Elliott et al. ( , 1994a Elliott et al. ( , 1994b Elliott et al. ( , 1999 have succeeded in gasifying p-cresol completely at 350°C and 20 MPa using a Ni/Al 2 O 3 catalyst that was selected from many candidates. His group has also proposed a wastewater treatment process using this gasification method. However, the liquid-hourly-space-velocity (LHSV) value realized by his group was 1 to 3 h -1 , which means that this process is not so effective. Minowa et al. (1994 Minowa et al. ( , 1998 has examined the gasification of a cellulose at 200 to 400°C using several catalysts. It was found that Na 2 CO 3 is suitable to obtain water-soluble components and that Ni-catalyst is effective to gasify cellulose. However, complete conversion of organic compounds could not be achieved when the cellulose was gasified at 350°C for 1 h, indicating that the catalysts proposed by Minowa et al. (1998) were not so effective for the wastewater treatment. As briefly reviewed, several trials have been made on hydrothermal and/or supercritical water gasification. However, development of more effective gasification methods based on highly active catalysts is desired to apply the hydrothermal and/or supercritical water gasification practically.
The authors have recently prepared a novel nickel/ carbon catalyst through the carbonization of ion exchange resins exchanged by Ni 2+ (Miura et al., 2001) . A very large amount of Ni as large as 47 wt% was supported as nanoparticles of 3 to 4 nm in diameter on the porous carbon. This catalyst was successfully applied to convert NO to N 2 at 300°C in gas phase without using any reducing agent. Then the catalyst was applied to the hydrothermal gasification of various organic compounds including a wastewater deriving from brown coal dewatering process. Most of the organic compounds tested including benzene, phenol, and etc. were completely gasified at 300°C and 20 MPa to produce CH 4 , H 2 , and CO 2 (Miura et al., 2002; Nakagawa et al., 2004) . The catalyst was also successfully applied to treat a wastewater from an electronic company (Sharma et al., 2006a (Sharma et al., , 2006b . In this study an actual industrial wastewater was gasified using the catalyst under various hydrothermal conditions. The effect of gasification condition on the carbon conversion and the mechanism of gasification reactions was examined. A simple mass and energy balance calculation was made to examine if the proposed process can be a net energy producing process from wastewater.
Experimental

Wastewater
A wastewater containing organic compounds was supplied from an electronic company. It contained phenols, ketones, and alcohols as main constituents and its total organic carbon (TOC) concentration was 21,000 mg/L. Aqueous phenol solution of 2000 mg/L in TOC concentration was also used to examine the mechanism of gasification reactions.
Catalyst preparation
A metacrylic acid type ion exchange resin (WK-11, Mitsubishi Chemical Corp.) was used as a source material. It was spherical in shape and its average diameter was about 0.5 mm. About 20 g of resin as received was treated in a beaker with 300 mL of aqueous solution of NiSO 4 ·6H 2 O (1.0 mol/L) at room temperature for 24 h. The pH value of the solution was adjusted to be 12 using aqueous ammonia so that the ion exchange might proceed under basic condition. The treated resin was then washed by deionized water, followed by vacuum drying at 70°C for 24 h. The amount of Ni exchanged was 15 wt% on the dried resin basis. The dried resin was heated in a nitrogen atmosphere to 500°C at the rate of 10 K/min to prepare the Ni/Carbon catalyst. Figure 1 shows a SEM image of the Ni/Carbon catalyst prepared. It is a very hard particle of 0.2-0.4 mm in diameter, maintaining spherical shape. Figure  2 shows a TEM image of the catalyst. Very small Ni particles of around 4 nm in diameter were dispersed on the porous carbon support. The amount of Ni supported by this method, which was estimated from the amount of ash of the catalyst, surprisingly reached as high as 47 wt%. The BET surface area was 170 m 2 /g and most of pores were 1 to 10 nm in diameter.
Hydrothermal gasification
The experimental setup used for the catalytic hydrothermal gasification (CHTG) is presented elsewhere (Nakagawa et al., 2004) . 0.25 to 1.4 g of catalyst was embedded in a reactor assembled from Swagelok fittings. The wastewater or the aqueous phenol solution was continuously supplied to the reactor using a high pressure pump at the rate of 0.1 to 1.0 mL/min, which corresponded to 5 to 200 h -1 of liquid-hourly-spacevelocity (LHSV). The pressure inside the reactor was regulated by use of a backpressure regulator. The reactor was heated by immersing it into a fluidized sand bed that was maintained at a reaction temperature, T g , between 200 and 350°C. The effluent stream passing the backpressure regulator was led to a glass bottle where all the products were collected. The gaseous product was then led to a gasbag through a valve on the cap of the glass bottle, and was analyzed by two gas chromatographs equipped, respectively, with Porapak Q and MS-5A columns. The liquid product was analyzed by a total organic carbon analyzer (TOC-5000A, Shimadzu Corp.) to measure the TOC concentrations from which the carbon conversion of the organic compound was estimated.
Results and Discussion
Hydrothermal gasification behavior of the industrial wastewater
The effect of experimental conditions on the gasification performance was examined first. Figure 3 shows the effect of LHSV on the carbon conversion at temperatures between 200 and 350°C. The carbon conversion increased with decreasing LHSV value when it was compared at a same temperature and pressure. At T g = 200°C the carbon conversion was less than 0.2 even when the LHSV value was as small as 10 h -1 . Above T g = 275°C the carbon conversion reached almost unity under a certain LHSV value. Even 150 h -1 of the LHSV value was small enough for the complete conversion at T g = 350°C, indicating that this catalyst is highly reactive as compared with the catalysts presented in the literature (Elliott et al., 1994b) .
The first order reaction rates were calculated from Figure 3 by assuming that the change in carbon conversion X C is represented by the first order reaction: 4 shows the Arrhenius plot of the k values. Almost linear relationship was obtained, indicating that k value can be expressed as the Arrhenius equation. Activation energy of k was 81.0 kJ/mol. This value is a little lower than that of k, 100 kJ/mol, determined from the steam reforming reaction of CH 4 to produce CO and H 2 using Ni catalyst (Rostrup-Nielsen, 1973) .
The effect of experimental conditions on the product gas composition was examined under the conditions where the carbon conversion reached almost 1 as shown in Figure 5 . The carbon conversion was also shown in the figure. The yield is represented on the basis of 1 mol of carbon contained in the wastewater. Hydrocarbon gases larger than CH 4 in molecular weights (HCG) were also produced and the yield of HCG on the carbon basis was corresponding to the difference between the carbon conversion and the sum of the yield of CH 4 and CO 2 . This figure shows that the carbon in the wastewater was almost completely converted to CH 4 and CO 2 under the all conditions shown. The yield of CH 4 was around twice as large as the yield of CO 2 . Another gaseous product detected was hydrogen. The yield of H 2 increased with increasing gasification temperature and reached 0.2 mol/mol-C at T g = 350°C and LHSV = 75 h -1 , where about 65% of the product gas is combustible. The lower heating value of the product gas was around 20 MJ/m 3 on dry basis, which is as large as 60% of that for pure CH 4 , indicating that the product gas can well be used, for example, as a boiler fuel. To do so, however, the water content of the product gas must be low enough. Since we assume that the product gas is separated from water at room temperature under the gasification pressure by gas-liquid separation, the water content in the product gas is expected to be as low as 0.015% by volume when the gasification pressure is 20 MPa. Thus, the proposed gasification process was found to convert the organic compounds contained in the wastewater almost completely to combustible gas consisting of CH 4 and H 2 , leaving behind treated water almost free from organic compounds. Figure 6 shows the effect of gasification pressure on the gas yield. The product gas composition was significantly dependent on the gasification pressure, although the carbon conversion was little affected by the pressure. Below 5 MPa a fairly large amount of H 2 was produced, whereas little H 2 was produced above 10 MPa. The ratio of the yields of CH 4 and CO 2 changed in parallel with the change in the H 2 yield. The abrupt composition change between 5 and 10 MPa is probably related to the state of water: the state of water changes from vapor to liquid at the saturation vapor pressure of 8.59 MPa at T g = 300°C.
Mechanism of hydrothermal gasification reactions
It was found that the gasification pressure significantly affects the product gas composition as stated above. Then the mechanism of the hydrothermal gasification was examined by utilizing the gasification experiment of aqueous phenol solution from equilibrium viewpoint.
The proposed hydrothermal gasification is believed to consist of the gasification reaction of organic compounds with H 2 O and gas phase reactions among the gaseous products. The gasification reaction of phenol can be written as
The gases produced by this reaction, CO and H 2 , will react further in gas phase through the following gas phase reactions.
CO + 3H 2 → CH 4 + H 2 O;
K 1 = 2.25 × 10 -13 exp(26165/T) (3)
CO + H 2 O → CO 2 + H 2 ; K 2 = 0.01226exp(4624.5/T) (4)
The gasification reaction (2) occurs either in gas phase or liquid phase depending on pressure and temperature, whereas the reactions (3) and (4) occur only in gas phase. Figure 7 shows the product gas composition obtained by gasifying the aqueous phenol solution (2000 mg/L in TOC concentration) at two different pressures of P = 5 or 20 MPa at T g = 300°C. The product gas composition was quite different between 5 and 20 MPa as was the case for the gasification of wastewater (Figure 6) . The product gas consisted of H 2 , CO 2 , and a trace amount of CH 4 at 5 MPa where water exists as vapor, whereas it consisted of CH 4 , CO 2 , and a small amount of H 2 at 20 MPa where water exists as the mixture of vapor and liquid in the reactor. Since the equilibrium composition is determined by the gaseous pressures, the equilibrium pressures of gaseous components for complete gasification of phenol were calculated based on Eqs.
(2)-(4) and the calculated results are schematically shown in Figure 8 . At P = 5 MPa all the components including water exist as vapors, so the pressure of gaseous products are much smaller than the pressure of steam. On the other hand, the pressure of steam is the saturated one, 8.59 MPa, and, since only a small part of water exist as steam, the pressure occupied by the gaseous products is rather high at P = 20 MPa. The pressures of the gaseous products were converted to the composition and shown as the calculated composition in Figure 7 . The experimentally obtained compositions were rather close to the equilibrium compositions for both pressures, indicating that the gaseous reactions (3) and (4) are rather rapid under the conditions employed here. Therefore the product gas composition can be roughly estimated from the equilibrium calculation.
Mass and energy balance for the proposed process
The proposed hydrothermal gasification process converts the organic compounds in the wastewater almost completely to CH 4 , CO 2 , and H 2 , leaving behind the treated water almost free from organic compounds. The wastewater is just fed to the catalytic reactor operated at around 300°C, and gaseous products and the treated water are separated by a simple gas-liquid separation process. These features will surely make the proposed hydrothermal gasification process very effective and economical. It would be more beneficial if the proposed process is not just a wastewater treatment process but an energy recovery or production process.
Then it was examined if the proposed hydrothermal gasification can be such an energy recovery/production process based on a simple mass and energy calculation.
The following process was assumed for a model calculation. The wastewater was assumed to be an aqueous isopropyl alcohol solution of 3.33 wt% in concentration, which corresponds to 20000 mg/L in TOC concentration. The reactor was assumed to be operated adiabatically at 350°C. From the experimental data shown above, the gasification reaction stoichiometry was assumed to be represented as follows:
This gasification reaction is an endothermic reaction of ∆H = 36 kJ/mol. The adiabatic operation of the reactor decreases the temperature of the wastewater by only 2.5°C when the reaction is completed. Therefore, hot compressed water at 347.5°C, which has the enthalpy of 1567 MJ/m 3 , flows out from the reactor. A part of the sensible heat of the exit stream was assumed to be recovered through the heat exchange to heat up the feed stream. The additional heat required to heat up the feed stream to 350°C was assumed to be supplied by a boiler combusting a part of the product gas. The heat-recovery rate of the heat exchanger and energy efficiency of the boiler were assumed to be 0.7 and 0.9, respectively. The mass and energy balance for the assumed process is shown in Figure 9 . The heat of combustion of the product gas is 20.8 MJ/m 3 and the total volume of product gas is 48.4 m 3 /m 3 -wastewater, which contains the heat of combustion amounting 1007 MJ/m 3 -wastewater. 1587 MJ is required for heating 1 m 3 of the wastewater to 350°C in liquid phase. 1097 MJ can be supplied from the heat exchanger. 490 MJ has to be supplied from the boiler. Therefore, 26.1 m 3 of the product gas which has 544 MJ of heating value must be combusted in the boiler. As a result, 22.3 m 3 of the product gas which contains 463 MJ of heating value can be obtained from 1 m 3 of the wastewater. Since electric energy is of course required for operating this process. Among them, pumping up the wastewater to the gasification pressure probably consumes the largest energy. Ideal work for pumping 1 m 3 of water to 20 MPa is 20 MJ, assuming no change in the volume of water occurs. It accounts for about 2% of the heating value of the product gas. Therefore, the electric energy required is neglected here. Considering that the heating value of C 3 H 8 O dissolving in the wastewater is 1005 MJ/m 3 -wastewater, 46% of energy of C 3 H 8 O can be recovered by the gasification process. This calculation was made by assuming that the process is operated as a stand-alone process, meaning that no energy was supplied from another process. If there was waste heat which can be utilized in this process, more fuel gas can be obtained. This result clearly indicates that the proposed process is promising not only for the wastewater treatment but also for the energy production from wastewater.
Conclusion
Hydrothermal gasification of an industrial wastewater was performed by using a novel Ni/C catalyst developed by the authors to examine the possibility of applying the catalyst to the wastewater treatment. The organic compounds dissolving in the wastewater were almost completely gasified above 275°C under the conditions examined. Main gaseous products were CH 4 , H 2 , and CO 2 having the lower heating value of around 20 MJ/m 3 , indicating that the product gas can be used as fuel gas. The gasification pressure significantly affected the product gas composition because the partial pressure of steam depends on the state of water. A simple calculation for mass and energy balance of the proposed process showed that 46% of the energy of the organic compound (aqueous isopropyl alcohol solution of 3.33 wt% in concentration) can be recovered as fuel gas under the conditions of T g = 350°C, P = 20 MPa even when this process is operated as a stand-alone one. This result indicates that this proposed process is promising not only for the wastewater treatment but also for the energy production from wastewater.
